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When the ever-shrinking microelectronic device dimensions scale below 
100 nm, introducing new material and processing technologies are necessitated to 
overcome forbidding obstacles in both front-end and back-end manufacturing 
processes. This dissertation first addresses the deposition of an Al/Al2O3 cermet 
film as a potential thermal resist material for electron beam projection lithography. 
The films were deposited by reactive sputter deposition and their transformations 
were investigated by irradiation with a single 1064 nm laser pulse in ambient air 
and 10−2 Torr vacuum. Irradiation in vacuum led to re-distribution of components 
within the first ~35 nm beneath the surface. Irradiation in air increased the 
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concentration of Al2O3 in the same region. Based on a model calculation, the 
observed transformations were interpreted as a result of local heating and, in air, 
as accompanying thermal oxidation. Second, a novel in-situ laser annealing 
system was developed for real time kinetic analysis on surface chemistry and thin 
film properties. A continuous wave CO2 infrared laser was coupled to a surface 
analysis system equipped for x-ray photoelectron spectroscopy and ion scattering 
spectroscopy. The capability is illustrated by using real time XPS and ISS to 
measure the reduction kinetics of a thin copper oxide (Cu2O) film. 
 Third, research efforts were focused on deposition and characterizations of 
a thin ruthenium film as a new copper diffusion barrier for ultra-large scale 
integrated circuit (ULSI) interconnect. A thermal chemical vapor deposition route 
using Ru3(CO)12 was developed to form pure, uniform, and smooth Ru films on 
Ta and low resistivity films on SiO2.  Measured using XPS and ISS and assuming 
smooth films, a 2.5 nm Ru film fully covers underlying Ta and SiO2. Unlike Ta, 
the Ru film exhibits excellent wettability by Cu even when the Ru surface is 
contaminated with small amounts of oxygen. A 4 nm Ru film and a 2.9 nm Ru/0.6 
nm Ta composite film are effective copper diffusion barriers under 60 minutes 
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 Modern integrated circuits (ICs) consist of hundreds of millions of devices 
which achieve complex functions. The demands for faster CPU speed, higher chip 
integration density, enhanced integrated circuit functionality, and reduced cost per 
function have been driving device scaling and increasing interconnect complexity 
[1]. As the microelectronic device dimensions keep shrinking, especially when the 
feature sizes scale below 100 nm, numerous challenges arise in both front-end and 
back-end manufacturing processes. Introducing new material and innovative 
deposition and characterization technologies are necessitated to overcome those 
forbidding obstacles. This dissertation reports my fundamental studies on 
deposition and characterization of thin films for the applications in future 
generations of front-end and back-end fabrication.  
1.1 Development of new thermal resist for future electron 
beam projection lithography 
Microlithography is one of the key fabrication technologies to 
manufacture semiconductor devices.  This technology transfers images from a 
mask to the surface of a wafer in order to designate specific areas which form the 
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devices required to make integrated circuits. Because current microlithography 
technology utilizes ultraviolet (UV) light to generate fine patterns on the wafer, it 
is typically called photolithography. 
For a typical photolithography process, the wafer is first coated with a 
photosensitive polymeric material called “photoresist” by spin-coating. The resist-
coated wafer is then contacted with a photo mask bearing fine patterns and 
exposed to UV light. After the exposure, the wafer is treated with a solution called 
“developer”. According to the specific type of photoresist, the areas in the resist 
exposed to UV light are made either soluble or insoluble in the developer. After 
resist developing, the patterns have been transferred from the photomask to the 
photoresist. Next, this patterned photoresist is used as a mask for etching the 
exposed underlying layer. Finally, the photoresist is removed away from the 
patterned wafer surface by using stripping solution or oxygen plasma. 
Motivated by scaling the IC feature size, photolithography used in the 
fabrication of high-performance IC has been constantly required to have much 
higher resolution capability. To satisfy this requirement, the wavelength of the 
UV light is shortened to 157 nm for the current technology node, and many other 
improvements have also been made in this technology. As a result, the minimum 
feature size has been reduced to the deep-submicron region, but it is now 
approaching the theoretical limit of resolution in photolithography [2-4]. 
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Therefore, it is necessary to find a new lithography technology to pattern the IC 
for future technology nodes. 
Electron beam projection lithography is one of the promising technologies 
for next generation lithography because of the extreme short wavelength of an 
electron beam. In order to implement this technology, significant changes in 
material and processes will likely be required. For example, it is worthwhile to 
pursue a new resist material since traditional resists for photolithography may not 
be applicable. Considering an electron beam can provide thermal energy to the 
exposed material, a potential thermal-sensitive resist, Al/Al2O3 cermet, was 
studied for the mechanism of its thermal transformation in this dissertation. 
1.2 Development of new copper diffusion barriers for 
ULSI interconnect 
1.2.1 Copper interconnect 
 Interconnect in IC devices are the wires that provide the power, the ground, 
inputs and outputs and timing signals to microelectronic devices. These layers of 
“wiring” are classified into local, intermediate and global levels. Local wiring is 
comprised of the first two levels of wiring above the transistors, which are 
followed by the intermediate (middle) and global (topmost) levels. Aluminum (Al) 
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was traditionally used as the metal interconnect, and silicon dioxide (SiO2) was 
the insulating dielectric which isolated neighboring Al wires.  
The speed of an electrical signal in an IC is governed by two factors – the 
switching time of an individual transistor and the signal propagation time across 
interconnect [5]. The signal transmission in the interconnect is limited by a time 
delay, known as RC time delay, which is proportional to the product of the 
resistance (R) of the metal wire lines and the capacitance (C) due to the insulating 
dielectric layers. The total resistance of the conductor is a function of its physical 
dimensions (length, L, and thickness, t), and resistivity, (ρ). The capacitance is 
proportional to the dielectric constant (κ) of the dielectric and inversely 
proportional to the spacing between metal lines (d) [6]. The RC time delay, τ, 
follows the relation: [7] 
td
LRC
2ρκτ ∝=  
As t and d scale down, τ will increase. This RC delay was negligible when the 
feature size was larger than 1 µm. However, for sub-micron technology, the RC 
delay plays an increasing role in overall chip performance, as shown in Figure 1.1 
[8]. For integrated circuits at the 250 nm node or below, the interconnect time 
delay is the limiting factor for microprocessor speed [9,10]. 
To facilitate further improvements, new materials are forced to introduce 












Figure 1.1 Gate and interconnect delay versus feature size. 
Interconnect delay is shown for repeater spacings (L) of 
3000 and 5000 µm [8]. 
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by either lowering the interconnect wire resistance, or by reducing the capacitance 
of the interlayer dielectrics (ILD). The first change adopted by the industry was to 
lower the dielectric constant of SiO2 from k = 3.9 to k =~ 3.5 by doping SiO2 with 
fluorine. This fluorinated silica glass (FSG) resulted in modest gains [5]. A 
significant improvement was achieved by replacing the Al interconnect with Cu 
because of its low bulk electrical resistivity (Cu: 1.72 µΩ•cm, Al: 2.83 µΩ•cm) 
and superior resistance to electromigration [11]. The introduction of copper 
metallization enabled the aggressive interconnect scaling. Thinner metal wires 
could be used for copper versus aluminum wiring. 
With copper reducing line and contact resistance, the next challenge is the 
reduction of parasitic capacitance. Because conductor spacing cannot be increased, 
the only way to reduce capacitance is to change ILD to new low permittivity 
(low-k) dielectrics. Carbon-doped silicon oxide and organic polymer materials 
with a k value of 2.6-2.8 have been developed for commercial applications [5,12-
15]. New ultra low-k dielectrics such as porous materials are now in the stage of 
research and development [14-17]. The simulation shown in Figure 1.2 highlights 
the significant advantages of low-k dielectrics and Cu metallization versus Al and 
SiO2 system for a typical microprocessor implementation [8]. Therefore, Cu/low-
k technology has and continues to be a mainstream technology for sub-100 nm 




Figure 1.2 Microprocessor performance as a function of feature size and 
interconnect technology (logic depth=12 gates) [8]. 
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1.2.2 Copper interconnect fabrication – Dual damascene 
The introduction of Cu into the interconnect, or back-end-of-line (BEOL), 
also caused a revolution on interconnect fabrication. Because Cu is very difficult 
to delineate by the traditional subtractive etching method due to the limited 
number of volatile copper compounds, a new process named dual damascene has 
been developed for the fabrication of Cu interconnect. Several different dual 
damascene integration schemes have been reported, but all approaches can 
generally be categorized as “via first” or “trench first”. The “via first” approach is 
briefly described below as an example of the Cu dual damascene fabrication 
process [18]. 
First, a dielectric diffusion barrier, via level dielectric, an etch stop layer, 
the metal level dielectric, and a hard mask are sequentially deposited, as shown in 
Illustration 1.1 (a). Second, a via photoresist layer is coated on the wafer and then 
lithographically patterned. Third, an anisotropic etch dig a via hole through the 
hardmask, ILDs and the embedded etch stop layer, and stops at the bottom 
dielectric diffusion layer. (Illustration 1.1 (b)). Fourth, after stripping the via 
photoresist, a layer of trench photoresist is coated and lithographically patterned. 
Fifth, an anisotroptic etch cuts the surface hard mask, down through the metal 
level dielectrics, and stops on the embedded etch stop layer. A trench for the 





Illustration 1.1 A process flow of Cu damascene fabrication (“via first”) 
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resist and opening the dielectric barrier at the bottom of the via, a Cu diffusion 
barrier and a Cu seed layer are sequentially deposited along the sidewall and 
bottom of the trench and via. (Illustration 1.1 (d)) Finally, the bulk Cu is 
electroplated on the Cu seed layer, and it is polished back to the surface of the 
trenches, using chemical mechanical polishing (CMP). (Illustration 1.1 (e)) 
1.2.3 Deposition and characterization of copper diffusion barriers 
 When Cu was introduced to replace Al as the new interconnect material, it 
brought along several new problems. One of the toughest problems with 
implementing copper is its iteration with silicon and the dielectrics. It is well 
known that copper has fast diffusion in Si and it can react to form silicide [19-23]. 
Cu can also diffuse into SiO2 and other dielectrics, which would cause the IC 
device failure. Moreover, Cu has poor adhesion properties with ILDs [24]. 
Therefore a conductive copper diffusion barrier film must be inserted between Cu 
and ILDs.  
 A good diffusion barrier should have these following attributes: first of all, 
it effectively prevents Cu diffusing into ILDs and other adjacent materials. 
Second, it should have a good conductivity to keep a low overall metal line 
resistance. Third, it can provide good adhesion to both Cu and ILDs, which is 
critical to resist delaminating during the subsequent processing and thermal 
stressing. Good adhesion can also help to improve copper eletromigration 
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resistance. Fourth, a barrier film needs to uniformly and completely cover all of 
the sidewall and bottom of trenches and vias. Therefore, it is critical to develop a 
film deposition technology to grow a conformal barrier film on the non-planar 
interconnect architectures. Moreover, the barrier film should be smooth and free 
of defects, which significantly affects the quality of the subsequent Cu seed layer 
[1,12].  
In recent years, many prospective barrier materials were widely studied, 
such as transition metals or alloy barriers, transition metal nitrides, carbide or 
oxide barriers, and transition metal silicide barriers [25-28]. Currently, tantalum 
(Ta) and tantalum nitride are used as the copper diffusion barrier for 90 nm node 
technology. Ionized physical vapor deposition (I-PVD) technology is typically 
used in the semiconductor industry to deposit the Ta/TaN barrier and Cu seed 
layer. 
In order to prevent unexpected yield losses and avoid long-term reliability 
problems, the barrier films should be carefully tested for their barrier properties in 
preventing Cu diffusion [19,29]. Depth profiling techniques are traditionally used 
to characterize the effectiveness of Cu diffusion barriers.  The most common 
depth-profiling techniques include secondary ion mass spectrometry (SIMS), 
Rutherford backscattering spectroscopy (RBS), X-ray photoelectron spectroscopy 
(XPS) and Auger electron spectroscopy (AES). Typically, a barrier and a Cu film 
are sequentially deposited on a SiO2 or Si substrate. The sample is then annealed 
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at elevated temperatures either in vacuum or in a forming gas ambient. The top 
Cu layer is etched away after annealing, and a Cu depth profile in the sample is 
analyzed by the above physical analysis technologies to see whether Cu has 
penetrated through the barrier and diffused into the substrate [30-39].  
However, it has been found that a tiny amount of Cu, even for 
concentrations lower than the detection limit of physical analysis techniques, is 
sufficient to alter electrical characteristics of devices [19]. Therefore, several 
electrical test methods have been developed in past years, because these tests are 
more sensitive to detect barrier failure than the depth profiling methods. The basic 
principle of electrical test methods is to measure the change of electrical 
properties of a p-n junction, Schottky diode, or metal-oxide-semiconductor (MOS) 
capacitor when they are contaminated with Cu atoms [40-42]. For example, using 
a shadow mask, Cu/barrier metal dots are deposited on a thin SiO2 film thermally 
grown on Si substrate. After thermal annealing, a shift of the original capacitance-
voltage (C-V) curve of this MOS capacitor will indicate penetration of Cu through 
the barrier layer into the silicon dioxide [42-45].  
1.2.4 Challenges on copper diffusion barrier for 45 nm node 
technology 
 When the IC feature size shrinks, the diffusion barrier needs to become 
thinner in order to decrease its impact on via contact resistance and the effective 
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metal line resistance. According to ITRS prediction, the barrier thickness will 
scale to 5 nm or below in future 45 nm node technology [1]. It is challenging to 
completely prevent Cu from diffusing at a barrier thickness of 5 nm or less. 
Moreover, PVD technology is the current dominant technology for barrier and Cu 
seed layer deposition, but it may not be extendable to 45 nm node because of its 
poor step coverage on the high aspect ratio of trenches and via holes. Neither 
barrier material nor deposition technology is known for 45 nm node interconnect 
[1]. 
 In this dissertation, Ruthenium (Ru) was studied as a promising barrier 
candidate for Cu ULSI interconnect. Ru is a transition metal with low electrical 
resistivity and high thermal stability. It doesn’t oxidize readily, and ruthenium 
oxide is still a conductor [46]. The insolubility of Ru with Cu is a favorable 
attribute for a barrier material [47]. More importantly, it has been reported that Cu 
can electrolytically plate onto Ru [48]. Therefore, not only could Ru potentially 
become a diffusion barrier, but it could replace the Cu seed layer. All of the above 
benefits make Ru a very attractive barrier material. My work on chemical vapor 
deposition (CVD) and characterization of thin Ru films on Ta and SiO2 are 
reported in chapter 4 and 5. 
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1.3 Objective and chapter overview 
The goal of the research presented here is to study deposition and 
properties of thin metal and metal oxide films for the application in the next 
generations of integrated circuit fabrication. It includes deposition of the Al/Al2O3 
film as a potential thermal resist for e-beam projection lithography; development 
of a real time surface analysis system for in-situ surface chemistry studies, thin 
film reaction and diffusion kinetics at elevated temperatures; and deposition and 
characterization of CVD Ru films, the latter used as a potential Cu diffusion 
barrier for 45 nm node Cu interconnect. Chapters 2 through 5 cover the details of 
these above works, and Chapter 6 summarizes the accomplishments in this 
dissertation and recommendations for future work. 
Chapter 1 describes deposition of Al/Al2O3 cermet films and investigation 
of the mechanism of their transformations induced by laser irradiation.  100 nm 
thick Al/Al2O3 cermet films, which consist of 15.5% Al and 84.5% Al2O3, were 
deposited by reactive sputter deposition. These cermet films were then irradiated 
in vacuum and air by a single 7 ns pulse from a 1064 nm laser. Characterization 
included X-ray photoelectron spectroscopy, scanning electron microscopy and 
atomic force microscopy. Irradiation in vacuum led to re-distribution of 
components within the first ~35 nm beneath the surface. Irradiation in air 
increased the concentration of Al2O3 in the same region. Irradiation increased the 
 
15
RMS surface roughness by a factor of 10 in both environments (from 3.5 to 
36 nm). On the other hand, Al films irradiated in air do not oxidize measurably 
with a single laser pulse. Model calculations indicate that a single laser pulse 
(~16 MW cm−2) can increase the local temperature of cermet from 300 to 1200 K. 
We interpret the observed transformations as a result of local heating and, in air, 
as accompanying thermal oxidation. 
Chapter 3 describes a novel in-situ laser annealing system for real time 
surface kinetic analysis. A continuous wave CO2 infrared laser was coupled to a 
surface analysis system equipped for x-ray photoelectron spectroscopy and ion 
scattering spectroscopy. The laser beam was directed into the vacuum chamber 
through a ZnSe window to the back side of the sample. With 10 W laser output, 
the sample temperature reached 563 K. The chamber remained below 10–8 Torr 
during annealing and allowed XPS and ISS data to be gathered as a function of 
time at selected temperatures. This system works well for any sample, conducting, 
semi-conducting or insulating, that absorbs the 10 µm laser radiation.  Using this 
system, real time Cu2O reduction at 563 K was investigated.  
Chapter 4 explores a low temperature thermal CVD route to grow Ru thin 
films using Ru3(CO)12 precursor. Pure, smooth and uniform Ru films on Ta and 
low resistivity films on SiO2 were grown by thermal CVD at temperatures as low 
as 423 K (150 oC).  Measured using XPS and ISS, a 2.5 nm Ru film fully covers 
underlying Ta, and the Ru/Ta interface is thermally stable up to at least 573 K. A 
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6 nm Ru film can be an effective oxygen barrier to prevent underlying Ta from 
oxidation when subjected to conditions of either high vacuum annealing or 
exposure to ambient air. In contrast to Ta, the Ru film exhibits excellent 
wettability by Cu even when the Ru surface is contaminated with small amounts 
of oxygen.  
Chapter 5 reports pure and polycrystalline Ru film deposition SiO2 by the 
same thermal CVD process using Ru3(CO)12. The CVD Ru film is thermally 
stable up to 673 K and has good adhesion properties with Cu and SiO2, but the Ru 
film exhibits poor step coverage on patterned SiO2. A 4 nm Ru film and a 2.9 nm 
Ru/0.6 nm Ta composite film are effective copper diffusion barriers under 60 min 
annealing at 623 K in H2(10%)/N2 ambient. In chapter 4 and 5, except when 
indicating those measured by SEM, all other Ru film thicknesses were measured 
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Modern microelectronics manufacturing involves ever-shrinking device 
dimensions that place increasing demands on existing lithography processes. As 
integrated circuit technology approaches the 100 nm generation (100 nm 
lines/spaces for DRAMS, 70 nm isolated gates for logic), optical lithography 
becomes more difficult and may reach a limit. Thus, other technologies are 
competing to demonstrate patterning capability at these and smaller dimensions; 
examples include using lasers, X-rays, e-beams and ions in a variety of 
imaginative ways for lithography [1-5]. Implementation of these will likely 
require significant changes in materials and processes. In the materials arena, 
pursuit of new resist materials is worthwhile since traditional resists for 
photochemically based photolithography may not be applicable. For example, e-
beam or ion projection lithography requires a thermally active resistance, and to 
be applicable, it must be highly sensitive and capable of improving spatial 
resolution [5].  
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Cermets, mixtures of metal particles in a metal oxide matrix, or the reverse, 
are candidate materials that have not been thoroughly considered, and in this 
paper, we report on one member of this class—Al mixed with Al2O3. Such metal–
dielectric composites are of interest as resists for patterning because their 
chemical (e.g. etch resistance) properties can be altered by exposure to laser or 
ion irradiation. It is known, for example, that the nitric acid etching rate of an 
Al/Al2O3 cermet is much slower, by as much as a factor of 2, after the cermet has 
been exposed to 193 nm laser radiation [6-8]. Of course, other properties such as 
roughness and particle size must be evaluated to establish viability as a resist.  
Previous work has not focused on the mechanism of the transformation 
induced by the irradiation. For laser-induced changes, possibilities include phase 
transformation, photon-induced reaction and thermal reaction. In this paper, we 
present and discuss unambiguous evidence for thermal transformations of the 
Al/Al2O3 cermet by using a 1064 nm infrared laser that does not induce electronic 
excitations. X-ray photoelectron spectroscopy (XPS) was used to analyze film 
composition, atomic force microscopy (AFM) to assess surface roughness, and 
scanning electron microscopy (SEM) to determine film thickness and film particle 
sizes. Model calculations demonstrate that the local temperature rise due to 
thermal heating is sufficient to melt Al, and a model is proposed for thermally 
induced changes that involve movement of the Al2O3 particles within liquefied Al 




2.2.1 Film deposition tools and conditions 
Al/Al2O3 cermets were deposited at 300 K on a clean Si(1 0 0) wafer in a 
plasma sputter deposition system (AJA 1500H) comprising a load lock chamber 
and a main chamber (<5×10−8 Torr) with three sputter guns, one DC and two RF 
power supplies. The substrate could be heated to 773 K using a quartz lamp.  
Reactive sputtering from a metallic Al target used 40 sccm, ultra-high pure 
Ar gas (99.999%) directly injected into the sputter gun operating at 180 W DC 
power. The total chamber pressure during film growth was maintained at 8 mTorr. 
When oxide was grown, O2 was injected simultaneously; 10% O2 diluted in Ar 
was backfilled with a flow rate of 5 sccm. By controlling the oxygen-to-argon 
flow ratio, we could vary the aluminum-to-aluminum oxide ratio in the cermet 
films from 0.05 to 0.33. To test the effects of laser irradiation, we chose 
[Al0]/[Al3+]=0.17.  
2.2.2 Materials 
The aluminum target (99.7% pure) was purchased from PureTech. The 
certified standard Ar and O2 gases were purchased from Praxair. Boron-doped 
Si(1 0 0) wafers, 100 mm in diameter and ~0.5 mm thick, were purchased from 
MEMC. Surface hydrocarbons were removed using acetone, isopropyl alcohol 
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and deionized water in sequential washings. The native oxide was removed with 
HF.  
2.2.3 1064 nm infrared laser 
For the set of experiments reported here, a pulsed IR YAG laser 
(Continuum Powerlite 7010) delivered one pulse of 1064 nm irradiation, normal 
to the sample surface, cermet or pure Al in either air or vacuum. For the latter, a 
mechanically pumped chamber (5×10−2 Torr) was used. Single pulses of 2, 3.5 
and 5.0 mJ were delivered in 7 ns to a 0.031 cm2 spot, i.e. laser power density 
between 9.2 and 23.0 MW cm−2.  
2.2.4 Analysis 
The film composition was analyzed using a PHI 5600 X-ray photoelectron 
spectrometer employing monochromatic Al Kα X-rays and operated at pass 
energies 93.9 eV for surveys and 11.75 eV for high-resolution scans. For depth 
profiles, the films were sputtered with 2 kV Ar ions at a sample current of 1 µA.  
The film surface roughness and morphology were investigated with 
Thermomicroscopes Autoprobe atomic force microscope operated in laboratory at 
ambient atmosphere and in the intermittent contact (IC) mode. Si probe tips with 
force constants between 2.0 and 3.5 N m−1 were used. The RMS roughness values 
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of multiple images were averaged. The film particle size and thickness were 
determined using a LEO 1530 SEM operated at 100k× magnification.  
2.3 Results 
2.3.1 Al/Al2O3 cermet deposition on Si(1 0 0) 
To prepare films that were not fully oxidized, i.e. to prepare useful 
Al/Al2O3 cermets, it was necessary to use less than 0.5 sccm O2 flow with 
44.5 sccm of Ar. At this low O2 flow rate, plasma uniformity and stability 
problems arise when oxygen first begins flowing into the chamber; the resulting 
films exhibit uneven lateral composition on the mm2 area scale probed by XPS. 
This problem was alleviated by preconditioning the metal target; the Al target was 
sputtered for 10 min in Ar and 10 min in Ar+O2 before depositing the film. The 
resulting films were uniform to within 5%—100±5 nm thick as measured by SEM.  
XPS (Figure 2.1) of a cermet film—as-deposited (a) and after removing 
10 nm of material (b)—exhibits peaks originating from ejection of Al 2p, Al 2s, O 
1s, Ar 2s, Ar 2p and C 1s core electrons. In addition, the O(KLL) Auger signals 
are easily identified. While (a) has a relatively intense C 1s contribution, (b) does 
not, indicating that the bulk cermet film is composed only of Al and Al2O3, and 








Figure 2.1 Survey XPS of an Al/Al2O3 cermet grown by plasma sputter 
deposition on Si(1 0 0). Growth conditions were 300 K, 8 mTorr 
total pressure, 180 W DC power, 40 sccm Ar flow and 0.5 sccm O2 
flow. Spectrum: (a) as-deposited film; (b) after removal of ~10 nm 












  A high-resolution scan of the Al 2p region (Figure 2.2) of the as-deposited 
film establishes the cermet character of the film, i.e. a metallic aluminum peak at 
72.9 eV binding energy (BE) and an oxidized Al peak at 75.9 eV BE. To establish 
the bulk composition, the [Al0]/[Al3+] ratio was calculated by rationing the 
integrated intensities of these two peaks as a function of the Ar+ sputtering time in 
the XPS machine. The resulting depth profile, shown as diamonds in Figure 2.3, 
indicates a stable [Al0]/[Al3+] ratio of 0.2 except for the topmost 5 nm. The 
outermost region is richer in Al0, a result attributable to the way we terminated 
film growth; the 180 W DC power bias on the sputtering gun was turned off 
gradually over 3–4 min since quickly terminating the DC power induces a sharp 
temperature drop in the aluminum target tending to damage it. During this 
procedure, more unoxidized Al is deposited. Preferential sputtering reaching 
steady-state was ruled out on the basis of the data taken without any sputtering 
and the laser irradiation results described below.  
The RMS roughness (3.52 nm) of this Al/Al2O3 cermet was calculated 
from multiple 30 µm×30 µm AFM images, one of which is shown in Figure 2.4(a) 
along with a line scan. The films were black indicating strong scattering of light. 
An SEM image, Figure 2.5(a), shows that the average particle diameter in this 








Figure 2.3  XPS depth profiles of an Al/Al2O3 cermet prepared as in Figure 2.1: 
(♦) as-deposited, and irradiated with a single pulse from a 
1064 nm laser in (▲) ambient air and (○) vacuum of 5×10−2 Torr. 
The laser power density was 16.1 MW cm−2 based on 3.5 mJ 
delivered in 7 ns to 0.031 cm2. 
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2.3.2 The effects of laser irradiation on Al/Al2O3 
A single 1064 nm laser pulse with a power density of ~16 MW cm−2 in air 
caused a color change from black to light blue localized at the point of irradiation. 
The XPS depth profile (triangles in Figure 2.3) differs strongly from the as-
deposited film (diamonds). The surface (~1 nm) was fully oxidized; Al0 was 
below XPS detection limits (<1%). Furthermore, the region between 2 and 20 nm 
was of nearly constant composition ([Al0]/[Al3+]=0.10), i.e. half that of the as-
deposited film. Finally, between 20 and 30 nm, the [Al0]/[Al3+] ratio rises to 0.20, 
the value for the as-deposited film.  
Figure 2.4(b) shows an AFM image and a line scan of the irradiated area; 
this surface is 10 times rougher than the as-deposited film (RMS roughness=36 vs. 
3.5 nm). In addition and consistent with the color change, numerous closely 
spaced large diameter particles, ~150 nm, were evident. The SEM image, shown 
in Figure 2.5(b), reveals many particles with diameters up to 150 nm. This is 
significantly different from the as-deposited film where particle diameters are 
much smaller, ~25 nm or less.  
Unlike the ~16 MW cm−2 pulse, a power density of ~9 MW cm−2 caused a 
color change from black to light brown. The XPS depth profile (circles in Figure 
2.6) indicates that the [Al0]/[Al3+] ratio in the top 10 nm layer lies between that of 







Figure 2.4 AFM images of an Al/Al2O3 cermet: (a) as-deposited; (b) 







Figure 2.5 SEM images of an Al/Al2O3 cermet: (a) as-deposited; (b) irradiated 







Figure 2.6 XPS depth profiles of an Al/Al2O3 cermet prepared as in Figure 2.1: 
(a) as-deposited or irradiated with a single 1064 nm laser pulse in 
ambient air at power densities of (b) 9.2, (c) 16.1 and (d) 
23.0 MW cm−2.  
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other hand, irradiation with a power density of ~23 MW cm−2 produced the same 
black to blue color transformation, and XPS shows the same [Al0]/[Al3+] ratio as 
with ~16 MW cm−2 laser power. 
Irradiation in vacuum (single pulse) produced the same black to blue color 
transformation as irradiation in air indicating a similar change in particle size. 
However, significant differences are discernible in XPS (circles in Figure 2.3). 
Most importantly, there is no broad region where the [Al0]/[Al3+] ratio lies below 
that of the as-deposited film. Although the outermost 5 nm [Al0]/[Al3+] ratios are 
lower, the depth profile for 5 nm and beyond is indistinguishable from that of the 
as-deposited film; the ratio becomes 0.2 for all depths beyond 10 nm. The RMS 
roughness of this sample was, like that for the sample irradiated in air, tenfold 
larger than that for the as-deposited system (not shown). 
2.3.3 Irradiation of aluminum 
For comparison, we prepared and irradiated a 100 nm thick film of 
aluminum in air. A single laser pulse does not visibly alter the film, and the XPS 
depth profiles of the film before and after laser irradiation are superimposable 
(Figure 2.7). Despite significant Al3+ at the surface, pure Al is reached at 2 nm in 
both cases. Unlike cermets, the metal Al films in air do not oxidize measurably 







Figure 2.7 XPS depth profiles of an Al film deposited on Si(1 0 0): (a) as-
deposited; (b) single laser pulse in air with power density=16.1 
MWcm−2. Growth conditions were: 300 K, 8 mTorr total pressure, 




2.4.1 Surface temperature rise during laser irradiation 
Since electronic excitations do not occur in the Al/Al2O3 cermet when 
using the photon energy of 1064 nm radiation used here, the changes are limited 
to thermal effects. It is instructive to estimate the laser-induced temperature rise 
and fall that accompanies a single laser pulse. The time-dependent temperature 
variation can be calculated using a classical heat conduction equation, the thermal 
properties of the solid (Table 2.1) and the boundary value conditions for laser 
heating [9]. Treating the laser pulse as a surface heat source and treating heat flow 





















κ                                           (1) 
where A(t) is the normalized laser pulse shape, F0 the maximum absorbed laser 
power density, K the thermal conductivity and κ the thermal diffusivity of the 
solid. K and κ are assumed to be temperature independent. The maximum surface 
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According to Fresnel’s equations for reflection, if the incident beam is 










                                                             (3) 
where n and k are the refractive index and extinction coefficient, respectively, of 
the medium adjacent to the reflecting surface [10]. Assuming, for estimation 
purposes, n and k of bulk Al and Al2O3 at 1064 nm (Table 2.1), we calculate 
normal incidence reflections of RAl=0.9569 and RAl2O3=0.0750 indicating, as 
expected, that Al2O3 absorbs most of the incident energy, while metallic Al 
absorbs very little. The estimated maximum absorbed laser power density F0 is 
F0 = F × [CAl2O3 ×(1-RAl2O3)+CAl×(1-RAl)]= 12.69 MW/cm2 
where F=16.1 MWcm−2, and CAl2O3 and CAl are the concentrations of Al2O3 and 
Al, respectively, in the as-deposited cermet. Using these parameters, the 
maximum surface temperature is 1200 K. While use of bulk optical constants is 
clearly approximate, it is also the case that changes of ±20% introduce only a 
50 K change in the estimate.  
Furthermore, according to Beer’s law, the energy absorbed as a function 





I α−=                                                              (4) 
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where I0 and I are, respectively, the absorbed energy at the surface and after 
traversing a distance z in the film. The absorption coefficient of the film α is 
defined as 
λπα /4 k=                                                                  (5) 
where k is the extinction coefficient of the film and λ is the incident laser 
wavelength. From Eq. (4), when z=20 nm, the absorbed radiant energy is only 
~70% of that on the surface, and the calculated maximum temperature at a depth 
of 20 nm is 950 K.  
Table 2.1  Some Physical, Thermal and Optical 
              Properties of Al and Al2O3 [11,12] 


























Al 933.47 2792.15 24.2 235 97.04 1.237 10.478 
Al2O3 2327.15 ≅3273.15 79.0 34.25 11.13 1.754 ~0 
 
2.4.2  Mechanism of Al/Al2O3 cermet transformation during laser 
irradiation 
Because the primary component of the cermet film is Al2O3, which 
absorbs strongly at 1064 nm, most of the IR absorption excites phonons in Al2O3 
to temperatures above 1200 K. Subsequently, energy flows into modes associated 
with Al and the interfaces between the two materials.  
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First, we discuss the process under vacuum. A microscopic description 
involving the time-dependent mass and energy flow is very complex, so we resort 
to rough qualitative descriptions. As the laser pulse raises the average T to around 
1200 K, the heated Al2O3 particles expand and as energy transfers to the Al 
particles, they expand, melt (933 K) and flow. Melting occurs only in top ~20 nm 
layer of the film, since temperatures further into the sample are below the melting 
point of Al. This melt zone can expand mainly only perpendicular to the surface, 
since it is bounded by solid material in all other directions. Energy can be 
transferred in various ways in all directions.  
Because the film deposition ended by depositing Al in the absence of O2, 
the [Al0]/[Al3+] ratio in the top 2 nm of the as-deposited film is about 1.7 times 
deeper within the cermet. In vacuum, this Al concentration gradient could be 
reduced by molten Al flow from this region deeper into the film, thereby 
enriching the outermost region in Al2O3. Other factors, e.g. density and surface 
tension, may provide competing or amplifying driving forces. When the laser 
pulse ends, the film temperature decreases sharply and all the particles are frozen 
in a new state, likely kinetically, not thermodynamically controlled. These 
transient thermal movements evidently increase the surface roughness by a factor 
of 10 and induce a re-distribution of components in the top 35 nm layer. Any Al0 
that moved to the exposed surface aluminum is quickly oxidized during sample 
transfer for ex situ XPS analysis.  
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Turning to irradiation in air, we note that because excess O2 is present, a 
different result is obtained, Al is oxidized. So long as Al remains molten, 
oxidation can proceed through continual movement of Al atoms to the air–liquid 
interface. Accordingly, large amounts of aluminum in the top layer are oxidized 
by a 7 ns FWHM laser pulse that produces a temperature pulse about 15 ns long. 
Consistent with the above calculation, oxidation extends only 20–30 nm into the 
film, since the maximum temperature of layers below 20 nm is already lower than 
the Al melting point and oxygen diffusion in solid Al2O3 is negligible for these 
time–temperature conditions [13-14].  
Considering the variation with laser pulse power density, it is noteworthy 
that the extent of oxidation increases significantly between 9 and 16 MW cm−2 
but not between 16 and 23 MW cm−2. The increase is consistent with expectations 
that the rate will depend exponentially on the temperature provided the rate is 
controlled by the same step in the reaction path. That oxidation does not change 
between 16 and 23 MW cm−2 indicates that control changes. We take this as 
indicating that, while the maximum temperature reached is higher for 
23 MW cm−2, the extent of oxidation is not controlled by the initial temperature, 
but rather by the formation and cooling of solid Al2O3 at the surface, a process 
that inhibits further migration of Al to the solid–air interface.  
Finally, based on the analysis above, we conclude that high surface 
temperature, i.e. heating, not photochemistry is the critical factor in inducing this 
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transformation. Reaching high temperatures is attributed to the effective 
excitation of the Al2O3 phonons, which subsequently heat the entire film. Fig. 5 
shows no transformation in the pure aluminum film during laser irradiation in air 
because metallic aluminum absorbs little energy; its optical absorption coefficient 
is only 0.0431 [11], and thus the maximum surface temperature rises only to 
~323 K. The self-terminating surface oxide present on the aluminum film comes 
mostly from ambient air oxidization at 300 K.  
The tenfold increase of the RMS film roughness may arise from two 
sources. First, according to our calculation, the maximum surface temperature 
would reach ~1200 K well above the melting point of Al. At the same time the 
Al2O3 and the Al would expand in line with their respective thermal expansion 
coefficients. In this situation, molten Al would flow into any cavities that were 
open. When the 7 ns laser pulse terminates, the near-surface temperature drops 
sharply leading to solidification on a nanosecond time scale "freezing in" 
metastable and roughened structures. Second, in the presence of O2, additional 
oxide will form resulting in a greater volume within the heated zone and sensibly 




To summarize, 100 nm thick Al/Al2O3 cermet films, which consist of 
15.5% Al and 84.5% Al2O3, were deposited by reactive sputter deposition. These 
cermet films were then irradiated in vacuum and air by a single 7 ns pulse from a 
1064 nm laser. For a laser pulse power density of 16 MW cm−2, the calculated 
maximum surface temperature after laser irradiation is ~1200 K, well above the 
melting point of Al. We propose that vacuum irradiation melted the aluminum, 
expanded the heated zone and led to increased RMS surface roughness (3.5–
35.2 nm) and a re-distribution of Al and O in the outermost 35 nm of the film. 
Irradiation in air led not only to similar melting and roughening, but also to 
substantial Al oxidation. With respect to using this material in thin film form as a 
resist for thermal patterning, we note a concern in that the observed thermal 
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In situ laser annealing system for 





X-ray Photoelectron Spectroscopy (XPS) and Ion Scattering 
Spectroscopy (ISS) are widely used to characterize surface and interfacial 
chemical reactions, epitaxial thin film growth, and atomic diffusion processes in 
thin films [1-3]. Typically, temperature plays a very important role in these 
processes and real time analysis is very desirable.  This is not difficult for 
permanently mounted conductive samples that can be spot welded on heating 
leads so that the heating is very efficient and local. 
However, for non-conductive samples and for systems designed for 
routine relatively fast sample exchange without breaking vacuum, reproducible 
in-situ heating of the sample is not trivial and is often accompanied by 
undesirable background pressure increases brought about by heating non-sample 
components.  For example, as described elsewhere [4-7], we have a thin film 
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growth and analysis facility comprised of three separate ultra-high vacuum (UHV) 
chambers linked together with a UHV sample transfer tube.  Using this system, 
we annealed samples before inserting into the analysis chamber to perform XPS 
or ISS.  This procedure obviously involves repeated heating and cooling thereby 
complicating kinetic analysis.  Further, even when transferred between systems 
under vacuum (< 10-8 Torr), this procedure is time consuming and can be 
compromised by background contamination, e.g., oxygen- and carbon-species 
chemisorbed.   
In order to achieve real time in-situ surface analysis at elevated 
temperatures with minimal background heating effects, we have configured an 
XPS and ISS system with a continuous wave (CW) CO2 infrared laser (~10 µm).  
This system works well for any sample, conducting, semi-conducting or 
insulating, that absorbs the 10 µm laser radiation.  Compared with other methods, 
the high power density (up to 90 W/cm2) and tight focus (0.28 cm2) is a distinct 
advantage. Localization of the radiant energy makes it possible to minimize 
problems associated with species desorbing from non-sample surfaces and 
subsequently contaminating the surface of interest.  
 
49
3.2 Experimental setup 
A schematic diagram of the experimental system is shown in Figure 3.1.  
The analytical chamber consists of an X-ray photoelectron and ion scattering 
spectrometer (PHI 3057).  A CW CO2 infrared laser (Synrad series 48-2), with 
controllable output power between 0 and 25 W, was passed through an external 
beam expander to provide 0.28 cm2 cross-sectional area (up to 90 W/cm2).   The 
beam was guided to the chamber with two copper mirrors and passed into vacuum 
through a ZnSe window.   Inside the vacuum chamber, a Cu mirror mounted on a 
rotational feedthrough directed the laser beam through an opening in the sample 
manipulator toward the backside of the demountable structure on which the 
sample was mounted.   The demountable structure is a modified PHI "puck" (see 
insert in Figure 3.1), of standard dimensions with a 1.5 cm dia. hole bored along 
its axis.   Samples were clipped to the upper surface using standard Be-Cu flat 
springs.  A thermocouple (TC1) coated with graphite was permanently inserted 
into the open space just beneath the sample manipulator and positioned to 
intercept the laser beam.  A visible laser diode pointer (650 nm) was used to align 
the CO2 laser beam pathway so that area heated from the back coincided with the 
face area analyzed by XPS and ISS. 
For XPS, Mg Kα X-rays were used, taking spectra at a pass energy of 58 





Figure 3.1 Schematic of the XPS and ISS surface analysis system 
modified with a CW CO2 infrared laser for in-situ heating of 
samples.  The key components are external and internal copper 
mirrors to steer the laser beam and a ZnSe window to transmit 
the beam through the vacuum wall.   
 Insert:   Expanded diagram of the modified PHI sample holder (puck) 
that is transferable between film growth and surface analysis 
chambers of a thin film growth and analysis facility.  The key 
modification is the central hole through which the CO2 laser 
beam passes to heat the sample with minimal heating of the 
stage on which the puck is clipped. 
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scan was 0.54 min.  For ISS, we used 1 keV 4He ions and took spectra at a 
pass energy of 375 eV. The ISS analysis area was 3.1 mm2 and the acquisition 
time was 1.4 min. 
3.3 Sample preparation and temperature calibration 
Because all of thin films reported in this paper were deposited on 
Si(100), a 2.5 × 2.5 × 0.05 cm Si(100) reference sample was used for 
temperature calibration.  In order to enhance absorption of 10 µm radiation, 
the sample backside was coated with colloidal graphite (Aerodag G, Ted Pella, 
Inc.). A chromel-alumel thermocouple (TC2) was glued with ceramic cement 
to reference sample.  Correlation of TC2 with TC1 provided the required 
calibration curve. The calibration was checked frequently; ± 5% deviations 
were found. In this context, it is important to note that TC1 responds much 
more rapidly than TC2 when the laser power is changed. 
Figure 3.2 shows the sample temperature, based on TC1 readings and 
the calibration curve, as a function of annealing time for three different laser 
power densities (13, 22 and 36 W/cm2). The sample temperature increased 
sharply to 80% of the maximum temperature in the first 5 minutes, and 
became stable after 20 minutes. Other measurements (not shown) indicate that 
temperatures as high as 800 K are reached by increasing the laser output up to 





Figure 3.2 Temperature versus time during in-situ vacuum annealing for 






Figure 3.3 Background pressure during in-situ vacuum annealing at: (a) 
473 K and (b) 563 K. 
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Figure 3.3 shows the analysis chamber pressure change as the sample 
was annealed to 473 K and 563 K, respectively. The pressure was always 
below   1×10-8 Torr at 473 K annealing, but rose from 6.0 ×10-9 to 3.0 ×10-8  
Torr at 563 K after 1 hour annealing. This small pressure rise did not 
adversely affect the XPS or ISS measurements and minimized complications 
due to background gas reacting. 
 As a comparison, using a halogen lamp to anneal puck-mounted 
samples, ~ 30 W was required to reach 563 K and required ~ 40 minutes with 
~ 100-fold background pressure rise.  For laser annealing, only 10 W is 
sufficient to reach 563 K. 
3.4 Cu2O reduction with in-situ vacuum annealing at 563 K 
As a test case, we studied the surface reduction kinetics of an oxidized 
Cu surface. The samples comprised air oxidized ~700 nm thick Cu films 
deposited on Si (100).  The reduction process is generally described as two 
steps: first, the CuO is reduced to Cu2O; second, Cu2O is reduced to Cu metal 
[8-9]. Here we only address the kinetics of the second step.   
Real time XPS high resolution scans were carried out while the Cu 
film with surface Cu2O was annealed using the laser power density of 36 
W/cm2 (563 K is reached).  Over a 25 min span, Figure 3.4 shows Cu LMM 
Auger (a) and O 1s (b) intensities collected at various times and temperatures 






Figure 3.4 For a Cu2O/Cu film, high resolution XPS spectra during in-situ 
vacuum annealing for a laser power of 10 W focused to 0.28 
cm2 (36 W/cm2):  (a) Cu LMM Auger and (b) O 1s intensities.  





Figure 3.5 Calculated from oxygen and copper XPS signals of Figure 3.4, 
the atom % O during in-situ vacuum annealing for laser power 
density of 36 W/cm2 (T=563 K, see Figure 3.4). The effective 
rate coefficient calculated from the slope of this line is – 0.016 
atom %/min. 
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kinetics of Cu2O reduction. At t = 0, there was a broad Cu LMM peak with a 
significant shoulder at ~2 eV lower kinetic energy than Cu metallic peak. This 
shoulder, characteristic of Cu2O, decreased gradually and disappeared at ~ 20 
minutes. Correspondingly, the surface O 1s peak decayed and vanished over 
the same time interval. 
The atomic percent oxygen, calculated as a function of annealing time 
(Figure 3.5), decayed linearly with time, i.e., a zero order reduction process.  
From the slope, the rate coefficient is k = 0.016 atom %/min. 
Companion ISS data, Figure 3.6, reflects changes in the exposed Cu 
during annealing.  Prior to vacuum annealing, only a weak Cu peak was 
identified (not shown). When reaching 463 K (t = 0), Cu was easily detected 
and increased linearly by one order of magnitude up to 20 min. when it 
stabilized (Figure 3.7). The order of magnitude increase of Cu ISS signal is 
attributed to two factors: removal of surface carbon and oxygen atoms and 
reduction of Cu oxide to metallic Cu. The insert of Figure 3.6, shows XPS C 
1s spectra corresponding bottom to top of the ISS spectra. Although XPS 
probes much deeper than ISS, this spectra shows surface carbon was removed 





Figure 3.6 For a Cu2O/Cu film, ISS measured during in-situ vacuum 
annealing for a laser power of 10 W focused to 0.28 cm2 (36 
W/cm2).   Times and temperatures are given on each curve.  
The corresponding C 1s spectra are shown in the insert (stacked 






Figure 3.7 Cu ISS peak height during in-situ vacuum annealing for laser 
power density of 36 W/cm2. (T=563 K, see Figure 3.6). 
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3.5 Summary 
An XPS and ISS surface analysis instrument has been modified for 
vacuum annealing using a continuous wave CO2 infrared laser The capability 
is illustrated by using real time XPS and ISS to measure the reduction kinetics 
of a thin copper oxide (Cu2O) film. 
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In the current copper (Cu) interconnect technology (130 nm node), 
tantalum (Ta) and tantalum nitride (TaN) are deposited on an interlayer 
dielectric as Cu diffusion barriers, followed by deposition of a Cu seed layer to 
enable the subsequent Cu electroplating. Currently, physical vapor deposition 
(PVD) is the dominant technology to form this Ta/TaN/Cu seed multilayer 
stack, and it may be extendable to the 65 nm node technology [1]. However, 
as integrated circuit devices scale down to the 45 nm generation (in 2010) and 
beyond, deposition of an ultra-thin, conformal, continuous barrier/seed bi-
layer (<5 nm) in a very high aspect ratio trench/via hole, to which PVD may 
not extend, will be required. Thus, the development of new ultrathin barrier 
materials and chemical deposition pathways is motivated.  One approach for 
the 45 nm node technology and beyond, could employ a thin layer of Ta as the 
primary barrier covered by a thin layer of ruthenium (Ru) to improve adhesion 
of an overlayer of Cu, and to allow direct electroplating of Cu on the barrier 
without Cu seed layer deposition. 
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 Ru is a noble metal with a low electrical resistivity (7.6 µΩ·cm) [2], 
approximately half that of Ta. The insolubility of Ru with Cu [3] is an 
especially favorable attribute for a barrier material. Metallic Ru is the stable 
physical state in the acid solutions used in Cu electroplating [4], and 
successful Cu electroplating on Ru was recently reported [5].  
Previous studies of the metallorganic chemical vapor deposition (CVD) 
of Ru films have utilized several precursors: Ru(Cp)2 (Cp, cyclopentadienyl), 
Ru(acac)3 derivatives (acac, acetylacetonate) [6],  Ru(EtCp)2 (EtCp, 
ethylcycloentadienyl) [7], and Ru(OD)3 (OD, 2,4-octanedionate) [8]. 
Typically, these precursors require temperatures in excess of 673 K to 
facilitate ligands removal or oxygen to combust organic ligands to form Ru or 
RuO2 films. This approach is not applicable when the substrate is oxygen 
sensitive, as is the case with Ta. In this paper, we report on the low 
temperature CVD of Ru films on Ta and SiO2 using ruthenium carbonyl 
[Ru3(CO)12]. Ru3(CO)12 has labile CO leaving groups, and thermally 
decomposes without any reactive gas at relatively low temperatures [3,9]. Film 
properties were characterized by X-ray photoelectron spectroscopy (XPS) and 
low energy ion scattering spectroscopy (ISS). In this chapter we report: (1) 
growth of Ru films using CVD at temperatures as low as 423 K and (2) full 
coverage of Ta by such a thin Ru film (2.5 nm), as calculated by combining 
ISS data with XPS Ta 4f peak attenuation. 
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4.2 Experimental 
A 150 nm-thick Ta substrate was first deposited at 300 K on a Si wafer 
using PVD. A Ta target was sputtered 15 min using 20 standard cubic 
centimeters per min (sccm) Ar gas, which was directly injected into the sputter 
gun operating at 100 W DC power. The chamber pressure during film growth 
was maintained at 10 mTorr. A 500 nm-thick SiO2 substrate on a Si wafer was 
obtained from International Sematech. 
The Ru film growth and subsequent XPS and ISS analysis were carried 
out in a film deposition and analysis facility consisting of a vacuum sample 
transfer system, load lock, analysis, PVD and CVD chambers [10]. The Ru 
carbonyl was sublimed at 366 K to obtain sufficient vapor pressure and 
delivered to the CVD chamber using 10 sccm Ar through a heated gas line and 
shower head. The deposition was carried out at 50 mTorr and the substrate 
was heated between 423 and 593 K. 
4.3 Results and Discussion 
XPS of a 6 nm Ru film grown at 423 K on Ta (Figure 4.1) shows, as 
expected, negligible oxygen incorporation (right side), a Ru 3d region 
characteristic of unoxidized Ru and, accounting for the C 1s-Ru 3d overlap, 






Figure 4.1 Ru 3d (left) and O 1s (right) XPS of a 6 nm Ru film grown at 
423 K on Ta by CVD using Ru3(CO)12. 
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to the underlying Ta film.  The Ru films were relatively smooth; measured by 
AFM (not shown), the rms roughnesses of the initial Ta and 6 nm Ru-on-Ta 
film were 0.7 and 1.2 nm, respectively.  Measured using a four-point probe, a 
very thin (3.5 nm) Ru film grown on a SiO2 substrate has low electrical 
resistivity of 30 µΩ•cm compared to bulk Ru (7.6 µΩ•cm). Pure Ru films were 
also grown on Ta at 493 and 593 K, respectively. Thus, we conclude that, 
without adding any co-reactant, Ru3(CO)12  decomposes to form metallic Ru at 
temperatures as low as 423 K. 
 To establish the minimum amount of Ru needed to form a continuous 
film over the Ta substrate, ISS was measured (Figure 4.2) for average Ru film 
thicknesses of: 0, 1.6, and 2.5 nm, calculated by XPS Ta 4f peak attenuation. 
The Ta ISS signal drops below the detection limit at some point between 1.6 
and 2.5 nm Ru. To assess thermal stability, a 3 nm Ru film was annealed in 
vacuum at 573 K for 40 min and examined by XPS measurements (not shown), 
which show negligible changes. We conclude that neither inter-diffusion nor 
Ru de-wetting occurs. Clearly, the Ru/Ta interface is thermally stable.  
Figure 4.3 (a) shows XPS Ta 4f spectra of a 150 nm Ta film deposited 
by sputtering on Si (100), characteristic of metallic Ta with slight oxidization 
on the surface. When this Ta film was exposed to air for 30 minutes and then 
measured with XPS (Figure 4.3 (b)), two new Ta 4f peaks appeared at the 




Figure 4.2 ISS of Ru films grown at 423 K. The spatially averaged Ru 
thicknesses are: (a) 0 nm, (b) 1.6 nm, and (c) 2.5 nm. It is very 




Figure 4.3 Ta 4f XPS of (a) an as-grown PVD Ta film; (b) after exposure 
the Ta film to air 30 min; and (c) after exposure Ru(6 nm)/Ta 
bi-layer film to air 30 min. and followed by 5 kV Ar sputtering 
to remove top Ru layer. 
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Obviously, Ta is very easily oxidized in air, which results in the 
formation of an insulating oxide layer. Moreover, our XPS results (not shown) 
illustrated that the PVD Ta film was so oxygen/moisture sensitive that its 
surface was oxidized even during high vacuum (10-7 Torr) annealing.  
However, when a 6 nm Ru film was deposited in-situ on the top of the Ta film 
and the resulting composite Ru/Ta film was then exposed to air for 30 minutes, 
XPS of the Ta film (Figure 4.3 (c)), after removing the top Ru layer using 5 
kV Ar sputtering, yielded a congruent spectra as that of the as-deposited Ta 
film. This result indicates that a 6 nm Ru film can effectively prevent 
oxidation of Ta in air. Also, the Ru film can prevent Ta oxidation during high 
vacuum annealing. Although the Ru film surface was slightly oxidized in air, 
it is essential to note that the ruthenium dioxide, unlike tantalum oxide, is still 
conductive (40 µΩ· cm) [2]. Therefore, compared with Ta film only, the 
composite Ru/Ta films have excellent resistance to oxidization so as to ensure 
a low barrier film resistivity, a critical factor for improving speed of micro-
devices. 
Figure 4.4 shows ISS and XPS (insert) results for a 3.5 nm CVD Ru 
film before (a) and after (b) deposition, by PVD, of a 0.3 nm (~2 ML) Cu film.  
The Cu thickness is based on attenuation of the Ru 3d intensity.  Comparing (a) 
and (b) shows that the Ru signal is completely suppressed, implying that 0.3 
nm of Cu is sufficient to fully cover the Ru.  A ten-fold larger amount of Cu 




Figure 4.4 ISS of (a) an as-grown Ru film on Ta and (b) a 0.3 nm Cu film 
grown on Ru. The insert is the Ru 3d XPS of an as-grown Ru 
film (solid line), and after 0.3 nm Cu film deposition (dashed 
line). 
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  It is important to note that the ISS data always exhibit features 
assigned to oxygen.  From XPS data (not shown) the Ta film was slightly 
oxidized, whereas the O 1s intensity for the Ru film (Figure 4.1) is at the 
detection limit.  This oxygen may inhibit Cu wetting on Ta [11] but not Ru.  
Combining XPS and ISS, we conclude that this oxygen is localized on the Ru 
surface and that a small amount of oxygen is adsorbed from the background of 
the sample preparation and transfer vacuum chambers. In addition, the Ar 
signals in Figure 4.3 were attributed to background contamination in the XPS 
ion gun since both He and Ar were used. 
 From the foregoing results, several attractive features of Ru3(CO)12 
emerge.  First, no co-dosed gas, e.g., O2, is needed to grow Ru films using this 
precursor.  Thus, without risk of oxidizing an underlying metal, Ru can be 
grown over, for example, Cu and Ta.  As a result, the underlying metal 
properties are not compromised by adding Ru.   
 Second, film deposition using Ru3(CO)12 is realized with a relatively 
low thermal budget; films grow at temperatures as low as 423 K (150 oC), a 
temperature at least 50 oC lower than reported for other Ru precursors [4-6]. 
This lower temperature of decomposition is particularly important when 
considering nucleation of Ru at the surface of a second material, e.g., Ta and 
SiO2.  As the surface temperature is lowered, the residence time of molecular 
Ru3(CO)12 increases.  Since the activation energy for partial dissociation 
(leading to nucleation) is readily met, this makes desorption compete less 
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effectively with dissociation.  Consequently, as compared to situations where 
dissociation probabilities are very small, there is a relatively short induction 
time, many Ru particles are nucleated, and a smooth Ru film grows on this 
high density of nucleated centers.   
Third, the excellent Cu wettablity on Ru, evidenced by the results 
summarized above, reveals that the initial Cu adatoms make stronger bonds 
with underlying Ru compared to Cu-Cu atom interactions. Thus, a strong 
adhesion property between Cu and Ru can be reasonably predicted. 
Finally, attention is drawn to the valuable insight provided by the 
combination of XPS and ISS.  Because the scattering of low energy ions is 
uniquely surface sensitive, it determines, for deposition of an adlayer on a 
substrate, when the substrate is fully covered.  At this point, XPS provides the 
average thickness of the overlayer.  In this way, we determined that 2.5 nm of 
Ru is sufficient to cover a Ta substrate and that 0.3 nm of Cu completely 
covers Ru.  It is well to keep in mind that ISS peak positions vary weakly with 
atom mass.  As a result, typically, for application of ISS, the metals must be, 
as here, from different rows of the periodic table.   
4.4 Summary 
In summary, pure, smooth and uniform Ru films on Ta and low 
resistivity films on SiO2 were grown by thermal CVD at temperatures as low 
as 423 K (150 oC) using Ru3(CO)12. Measured using XPS and ISS and 
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assuming smooth films, a 2.5 nm Ru film fully covers underlying Ta, and the 
Ru/Ta interface is thermally stable up to at least 573 K. The composite Ru/Ta 
film proved to have an excellent resistance to oxidization under high vacuum 
annealing as well as exposure to ambient air. In contrast to Ta, the Ru film 
exhibits excellent wettability by Cu even when the Ru surface is contaminated 
with small amounts of oxygen.  
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Ruthenium (Ru) is a noble metal and has been investigated as a 
candidate material for future generation capacitor electrodes in memory 
applications such as gigabit DRAMs and FRAMs devices due to its low 
resistivity (7.6 µΩ·cm) [1], high chemical inertness, and good thermal stability 
[2-4]. Recently, significant attention has been drawn to Ru for its newfound 
application as a potential copper (Cu) diffusion barrier, a promising advance 
for future 45 nm node ultra-large scale integrated circuit (ULSI) interconnects 
and beyond [5-7]. 
Compared with the current barrier material of Tantalum (Ta)/Tantalum 
nitride (TaN), Ru only has half the resistivity of Ta, and is not as easily 
oxidized. Its supreme conductivity and insolubility with Cu [8] provide Ru 
with the essential factors to serve as a good barrier material for future ULSI 
processes. More attractively, it has been proven that Cu can directly 
electroplate on the Ru surface [7]. As a result, it may make unnecessary the 
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step of PVD Cu seed layer deposition, substantially simplifying the back-end 
of line (BEOL) process. 
We have reported a low-temperature CVD process to grow a pure, 
smooth and uniform Ru film on Ta substrate using ruthenium carbonyl 
(Ru3(CO)12) precursor [5]. Compared with other metal-organic precursors 
such as Ru(acac)3 derivatives (acac, acetylacetonate) [9] Ru(Cp)2 (Cp, 
cyclopentadienyl) [9-11], Ru(OD)3 (OD, 2,4-octanedionate) [12], and 
Ru(EtCp)2 (EtCp, ethylcycloentadienyl) [13-15], Ru3(CO)12 required a 
deposition temperature at least 50 oC lower than that reported for any other Ru 
precursors. More importantly, no co-dosed gases (e. g. oxygen) were needed 
in our Ru CVD process, which avoided compromising the properties of the 
underlying metal, Ta or Cu, in the process of adding Ru.  
As a copper diffusion barrier, the barrier film typically deposits on the 
inter-layer dielectrics, which currently consist of a SiO2 base material. In this 
chapter we report CVD Ru deposition on blank SiO2 and patterned SiO2 using 
the Ru3(CO)12 precursor.  Film properties were characterized by x-ray 
photoelectron spectroscopy (XPS), low energy ion scattering spectroscopy 
(ISS), scanning electron microscopy (SEM), and X-ray diffraction (XRD). 
The capacitance vs. voltage (C-V) test of a MOS capacitor with a 
structure of Cu/diffusion barrier/SiO2/Si has been used to evaluate barrier 
properties of different barrier materials [16-20]. The shift of the capacitor C-V 
curve to the negative direction after thermal annealing would indicate 
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penetration of Cu through the barrier layer into SiO2. Compared with physical 
depth profiling techniques like SIMS, XPS and AES, this electrical 
measurement method has been shown to be much more sensitive to detect 
barrier failure [21]. In this chapter, we used this C-V test to evaluate the 
barrier properties of CVD Ru and composite Ru/Ta films. 
5.2 Experimental 
The film growth and subsequent surface analysis and electrical 
measurements were carried out in a film deposition and characterization 
facility, consisting of a load lock chamber, sample transfer system, surface 
analysis chamber, electrical test chamber, PVD chamber and CVD chamber 
[22].  
Ruthenium films were deposited in the CVD chamber with a base 
pressure of 5×10-8 Torr. Ruthenium carbonyl precursor, Ru3(CO)12 (purity 
99.99%, Strem Chemicals), which was loaded in a metal-glass bubbler, was 
heated to 366 K. Using 10 sccm Ar carrier gas, the evaporated precursor was 
delivered into the CVD chamber through a gas line and shower head, both of 
which were heated 10 K higher than the bubbler temperature to avoid 
precursor condensation. The substrate was heated between 423 K and 593 K, 
and the chamber pressure was maintained at 50 mTorr during film deposition. 
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Two blank SiO2 wafers with thicknesses of 500 nm and 15 nm, and a 
patterned SiO2 trench wafer with minimum feature size of 0.17 µm were 
obtained from International Sematech. 
The film composition was analyzed using a PHI 3057 X-ray 
photoelectron spectrometer. For XPS analysis, Mg K  X-rays were operated 
at pass energies of 117.4 eV for surveys and 58.7 eV for high-resolution scans. 
In order to obtain a depth profile or to remove surface contamination, some 
films were sputtered with 5 kV Ar ions at a sample current of 1 A.  
The film surface morphology and step coverage properties were 
measured using a LEO 1530 SEM. The film microstructure was measured 
using a Bruker-Nonius D8 advance θ-2θ XRD. 
For barrier C-V tests, Cu/Ru and Cu/Ru/Ta dots were deposited on a 
15 nm gate quality SiO2 on p-type Si using a shadow mask with 500 nm 
diameter holes. First, the Ru dots were deposited using the same CVD Ru 
process described above. For the electric testing of composite Ru/Ta barriers, 
0.6 nm thick PVD Ta dots were first sputter deposited using 10 sccm Ar at 10 
W DC power, followed by CVD Ru deposition. Second, 350 nm PVD Cu dots 
were in-situ deposited on the top of the Ru dots using the same shadow mask. 
In order to minimize damage of energetic sputtered Cu atoms to the devices, a 
2-step Cu PVD deposition process was applied: the Cu target was first 
sputtered 20 minutes using 10 sccm Ar at a 10 W DC power. The total 
chamber pressure was maintained at 10 m Torr. Subsequently, the DC power 
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was increased to 50 W for an additional 30 minutes of deposition to grow 
thick Cu dots, which ensure a good electric contact with the measurement tip. 
The sample substrate backside was metallized with sputtering deposited Al 
after scratching through the thin oxide. Finally, the as-deposited test structures 
were in-situ annealed at 623 K for 90 minutes to completely neutralize 
interface trapped charge. 
 A C-V curve of the as-grown test sample was measured using a 
Keithley 590 CV analyzer and an S4200 semiconductor characterization 
system. The voltage swept from –5 V to +5 V at a step of 0.2 V/S. The 
measurement frequency was 1 MHz. The sample was then annealed 60 
minutes in a quartz tube oven at 623 K while flowing 10 sccm H2(10%)/N2 
forming gas. A C-V curve of the annealed sample was collected using the 
same measurement conditions above. 
5.3 Results and discussion 
5.3.1 Ru deposition on blank SiO2 
Figure 5.1 shows XPS of a CVD Ru film deposited on 500 nm thick 
SiO2 at 458 K. The O 1s spectra (right side) shows that there was little oxygen 
(~4%) incorporated in the film. The binding energy of the Ru 3d peak (left 
side) indicates that the as-deposited film was a metallic Ru film. In the 
presence of Ru, it is difficult to directly measure carbon content by XPS since 
the C 1s peak overlaps with the Ru 3d3/2 peak. However we quantitated the C  
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Figure 5.1 Ru 3d (left) and O 1s (right) XPS of a CVD Ru film deposited 
at 458 K on SiO2 by CVD using Ru3(CO)12. 
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content by calculating the peak ratio of the two Ru 3d peaks and the result 
revealed that there was very little carbon (<1%) contained in the Ru film. 
A planar view SEM image of a Ru film (Figure 5.2) showed a uniform 
film surface with a particle size of ~10 nm. The X-ray diffraction pattern of a 
600 nm thick Ru film grown on SiO2 (Figure 5.3) shows that the film was 
polycrystalline with three orientation planes of (100), (002) and (101). 
Comparing these three XRD peaks revealed that the film was not randomly 
oriented, but it preferred to grow along the (100) plane.  
Low energy ISS was taken (Figure 5.4) for the average Ru film 
thicknesses of: 0, 1.7, 2.0 and 2.5 nm, calculated by XPS Si 2p peak 
attenuation. The Si ISS signal drops below the detection limit at some point 
between 2.0 and 2.5 nm Ru. Because low energy ISS can only detect the 
chemical compositions of the topmost monolayer, the ISS results indicate the 
minimum thickness of a continuous CVD Ru film on the SiO2 substrate is 
around 2.0 – 2.5 nm. Moreover, the discontinuous features for Ru film 
thicknesses of 1.7 and 2.0 nm reveal that there is a three-dimensional island 
growth mode during the initial Ru film deposition process. 
To assess thermal stability, a 2.5 nm Ru film grown on a 15 nm thick 
SiO2 substrate was annealed in vacuum at 673 K for 1 hr and examined in-situ 
by XPS  measurements (not shown), which disclosed negligible changes. We 















Figure 5.4 ISS of Ru films deposited at 423 K. The spatially averaged Ru 
thicknesses are (a) 0 nm, (b) 1.7 nm, (c)2.0 nm and (d) 2.5 nm. 
It is very important to note that smooth Ru films were assumed. 
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the Ru/SiO2 interface is thermally stable. In order to investigate Ru adhesion, a 
3 nm thick Ru film was deposited on 15 nm SiO2 substrate, followed by 500 
nm PVD Cu deposition. This Cu/Ru/SiO2 multilayer structure passed the 
ScotchTM tape test which revealed excellent interfacial adhesion properties 
between Cu and Ru as well as between Ru and SiO2. 
5.3.2 Ru deposition on patterned SiO2 
In order to investigate film step-coverage, a 600 nm thick Ru film was 
deposited at 458 K on a 600 nm wide SiO2 trench sample with a 2:1 aspect-
ratio. The SEM image (Figure 5.5) shows the Ru film covering all of the 
trench bottom and sidewalls. The film thickness, however, on the sidewalls 
and bottom of the trench appear much thinner than that of the film on the top 
surface, thus the percent conformity, defined as (dmin/dmax)*100%, was 
calculated as only 25%. Here dmax and dmin are the film thicknesses at the top 
surface and at the bottom of the sidewall surface, respectively (shown in 
Figure 5.5). 
The poor conformity growth may be attributed to a relatively high 
reactive sticking coefficient of the Ru3(CO)12 precursor. Because Ru films can 
grow at temperatures as low as 423 K (150 oC), [5] the activation energy for 
precursor dissociation was readily met at our film growth temperature of 458K.  
This makes the decomposition of adsorbed Ru3(CO)12  molecules compete 





Figure 5.5 SEM of a 600 nm Ru film deposited at 458 K on a 600 nm 
wide SiO2 trench with a 2:1 aspect ratio  
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most of precursors directly decomposed and formed Ru on the top surface 
while very few precursor molecules had a chance to migrate into the bottom 
and sidewalls of the trench. Consequently, a thick film was formed on the top 
of the trench and a much thinner film of Ru was grown on the sidewalls and 
bottom of the trench. 
5.3.3 Diffusion barrier properties of Ru and composite Ru/Ta 
films 
The copper diffusion barrier properties of Ru and composite Ru/Ta 
films were characterized using C-V tests with Cu/Barrier/SiO2/Si capacitors. 
First, a 2.5 nm and a 4 nm thick Ru films were prepared and then annealed at 
623 K for 60 minutes in H2 (10%)/N2 ambient. Compared with the C-V curve 
before annealing (curve (a) in Figure 5.6), the post-annealing C-V curve of the 
2.5 nm Ru film (curve (c) in Figure5.6) shifted to the negative side. However, 
there is not any change of the C-V curve for the 4 nm Ru film (curve (b) in 
Figure 5.6). Therefore, a 4 nm thick CVD Ru film can effectively prevent Cu 
diffusing into thermal oxide under our test conditions, but a Ru film as thin as 
2.5 nm cannot form a good diffusion barrier. As mentioned earlier in this 
chapter, our CVD Ru film growth was a 3-D island growth process, and 2.5 
nm is approximately the minimum thickness to form a continuous film on 
SiO2, based on XPS and ISS measurements. Thus, it is reasonable to expect 
the structure of this 2.5 nm Ru film is still very loose and has many defects, 





Figure 5.6 C-V tests of Cu/Ru/SiO2/Si capacitors with Ru film thicknesses 
of 4 nm and 2.5 nm before (a) and after annealing ((b) 4 nm Ru 
and (c) 2.5 nm Ru). The Ru films were annealed at 623 K for 
60 minutes in H2(10%)/N2 ambient 
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Figure 5.7 shows C-V tests of (a) a composite 2.9 nm Ru/0.6 nm Ta 
film and (b) after 60 minutes annealing at 623 K in H2 (10%)/N2 ambient. 
There is negligible change of C-V curves after thermal annealing, which 
means this 3.5 nm composite Ru/Ta film effectively prevent Cu diffusion. Our 
electrical test results (not shown) also demonstrated that the 0.6 nm Ta film 
alone was not a good diffusion barrier. We don’t know the mechanism why 
the composite Ru/Ta film is an effective barrier and further study is needed. 
One possible mechanism is that an amorphous Ru/Ta interfacial layer exists, 
which prevents Cu diffusion. 
5.4 Summary 
In summary, a pure and polycrystalline Ru film was grown on SiO2 by 
thermal CVD using a Ru3(CO)12 precursor. The Ru/SiO2 interface was 
thermally stable up to 673 K and the ScotchTM tape test demonstrated the good 
adhesion between each layer in the Cu/Ru/SiO2 multilayer structure. The Ru 
film had a poor step coverage on a 600 nm wide SiO2 trench with a 2:1 aspect 
ratio which may be attributed to the high reactive sticking coefficient of 
Ru3(CO)12. A 4 nm Ru film and a 2.9 nm Ru/0.6 nm Ta composite film are 
effective copper diffusion barriers under 60 minutes annealing at 623 K in 






Figure 5.7 C-V tests of (a) a composite 2.9 nm Ru/0.6 nm Ta film and (b) 
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The cermet, Al/Al2O3 deposited on clean Si(1 0 0), was investigated 
for the mechanism of its transformation induced by laser irradiation. The films 
were deposited by reactive sputter deposition and, subsequently, irradiated 
with a single 1064 nm laser pulse in ambient air and 10−2 Torr vacuum. 
Characterization included X-ray photoelectron spectroscopy, scanning 
electron microscopy and atomic force microscopy. Irradiation in vacuum led 
to re-distribution of components within the first ~35 nm beneath the surface. 
Irradiation in air increased the concentration of Al2O3 in the same region. 
Irradiation increased the RMS surface roughness by a factor of 10 in both 
environments (from 3.5 to 36 nm). On the other hand, Al films irradiated in air 
do not oxidize measurably with a single laser pulse. Model calculations 
indicate that a single laser pulse (~16 MW cm−2) can increase the local 
temperature of cermet from 300 to 1200 K. We interpret the observed 
transformations as a result of local heating and, in air, as accompanying 
thermal oxidation. With respect to using this material in thin film form as a 
resist for thermal patterning, we note a concern in that the observed thermal 
transformation requires very high transient temperature changes. 
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In order to achieve real-time surface analysis during thermal annealing, 
a continuous wave CO2 infrared laser was coupled to a surface analysis system 
equipped for x-ray photoelectron spectroscopy (XPS) and ion scattering 
spectroscopy (ISS). The laser beam was directed into the vacuum chamber 
through a ZnSe window to the back side of the sample. With 10 W laser output, 
the sample temperature reached 563 K. The chamber remained below 10–8 
Torr during annealing and allowed XPS and ISS data to be gathered as a 
function of time at selected temperatures. Compared with other heating 
methods, the high power density (up to 90 W/cm2) and tight focus (0.28 cm2) 
is a distinct advantage. Localization of the radiant energy makes it possible to 
minimize problems associated with species desorbing from non-sample 
surfaces and subsequently contaminating the surface of interest. Real time 
Cu2O reduction at 563 K was investigated. 
Thermal chemical vapor deposition at temperatures as low as 423 K, 
using Ru3(CO)12 with no accompanying reactive gas, forms pure, uniform, and 
smooth Ru films on Ta and low resistivity films on SiO2. Measured using XPS 
and ISS and assuming smooth films, a 2.5-nm-thick Ru film fully covers the 
underlying Ta, and the Ru film is thermally stable up to 573 K. A 6 nm Ru 
film can be an effective oxygen barrier to prevent underlying Ta from 
oxidation when subjected to conditions of either high vacuum annealing or 
exposure to ambient air. Unlike Ta, Ru films exhibit excellent wetting by Cu 
even when the Ru surface is contaminated with small amounts of oxygen. 
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Pure and polycrystalline Ru films were deposited on SiO2 by the same 
thermal CVD process using Ru3(CO)12. The Ru film is thermally stable up to 
673 K and has good adhesion properties with Cu and SiO2, but the Ru film 
exhibits poor growth conformity on patterned SiO2. A 4 nm Ru film and a 2.9 
nm Ru/0.6 nm Ta composite film are effective copper diffusion barriers under 
60 min annealing at 623 K in H2(10%)/N2 ambient.  
6.2 Recommendations for future work 
One of the important topics I address in this dissertation is to study Ru 
as a potential copper diffusion barrier material for ULSI interconnects. 
Recently, Ru has attracted much attention from the semiconductor industry, 
and many SRC and Sematech member companies have showed strong 
interests in our Ru project. Therefore, continuing to drive our current study 
forward is very necessary and exciting. In my past works, I have developed a 
low temperature chemical vapor deposition route to deposit thin Ru films on 
Ta and SiO2, and completed several characterization works on material, 
physical, and electrical properties, thermal stabilities, adhesion properties, etc. 
The following issues may be addressed for further studies: 
First of all, the ruthenium carbonyl (Ru3(CO)12) precursor we are using 
provides several unique benefits to the manufacturability of the Ru CVD 
process, such as simple and labile CO leaving groups, no co-dosing oxidizing 
gas, and low temperature deposition (150 oC). However, this precursor has a 
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very low deposition rate due to its low vapor pressure, and the precursor itself 
gradually decomposes inside the bubbler. Therefore it is noteworthy to 
consider developing a liquid injection delivery system to replace the current 
solid-state precursor delivery system so as to provide a reliable and high 
precursor flux rate for faster Ru film deposition. 
Second, considering poor step coverage and polycrystalline film 
structure resulting from the current thermal CVD process, an atomic layer 
deposition (ALD) of Ru process is desired since it provides exact control of 
film thickness, amorphous film structure, and superb conformal growth in a 
high aspect-ratio trench and via holes. However, all of the reported Ru ALD 
processes in literature required the use of an oxidizing gas, for example, 
oxygen, to assist in cracking the Ru precursor compounds. Because this 
oxidizing gas will oxidize the underlying substrate, such as Cu or Ta, these 
ALD Ru process may not be applicable for the Cu interconnect process. 
Therefore, developing a new Ru precursor and an ALD route using reducing 
reactive gases such as hydrogen and ammonia, is highly desirable. 
Finally, more studies should be addressed on the evaluation of Ru 
barrier properties. One important issue is what thickness is the minimum for a 
Ru film to be an effective copper diffusion barrier? Our electrical test results 
showed the 2.5 nm thick Ru film made by current CVD process could not 
effectively prevent Cu diffusion. ISS measurement results in chapter 4 and 5 
showed our current thermal CVD process causes a 3-D island growth mode. 
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Because of Cu insolubility with Ru, the film microstructure is the major 
determining factor of barrier performance. Therefore, if we could develop an 
ALD Ru process in the future, the film would grow layer by layer, and an 
amorphous film structure may be obtained so that a thinner Ru film may work 
as an effective diffusion barrier. In addition, our electric tests also showed a 
composite Ru/Ta film could be an effective barrier, but we are not certain by 
which mechanism it operates. Interfacial chemistry between Ru and Ta should 
be investigated thoroughly.  
In this dissertation, we combine XPS and ISS to measure Ru film 
continuity. This is a valuable and powerful method, and we have also extended 
its applications to studies on the film continuity of ALD HfO2 films and 
monolayer identification of self-assembling organic molecule films. Compared 
with cross-sectional TEM measurement, this method is more convenient, time-
saving, and allows in-situ measurement without breaking the vacuum. 
However, it is well to keep in mind that ISS has its own detection limit. When 
the target film is faitly rough, due to the shadow effect, the ISS substrate peak 
may disappear before the ad-layer fully covers the substrate. Moreover, it is 
very important to know that XPS measurement only provides an average film 
thickness. In some special conditions such as an extremely rough film surface, 
the film thickness calculated by XPS substrate peak attenuation may deviate 
away from the real film thickness. Dr. Yangming Sun and other White and 
Ekerdt group members are now combining SEM, EDS, AFM, TEM and 
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Quartz microbalance mass measurement to study how the film morphology, 
microstructure and uniformity affect the XPS thickness calculation results. We 
hope to work out general applicability conditions of XPS film thickness 
measurements. Also, for any new film growth process in the future, it may 
always be noteworthy to do cross-sectional TEM for a few selected samples to 
check with the accuracy of film thickness measured by XPS. 
Lastly, I want to say some words about the in-situ laser annealing 
system we developed for real time surface analysis. Using this system, we can 
extend our surface chemistry study to any kind of sample, conducting, semi-
conducting, and insulating, as long as the sample can absorb laser irradiation. 
Moreover, combining this real time surface analysis system with our film 
deposition and in-situ sample transfer systems, we can investigate in real time 
many of the film properties at elevated temperatures such as film 
agglomeration, inter-diffusion, thermal stability, surface and interfacial 
reaction, etc. In summary, this is a unique and very useful system, and wider 
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